2. We consider a flexible modelling framework that distinguishes a group-level model, describing arios, we show that generally the estimation of models of this type is both feasible and ecologically 13 informative. 14 4. We illustrate the approach using real movement data from 11 reindeer (Rangifer tarandus).
switching from state i (at any time t) to state j (at time t + 1).
124
In a multi-state random walk, say with N states, each of the N states is associated with a 125 distinct random walk pattern (CRW, BRW or BCRW). For more details and discussion on multi-126 state random walks in the context of movement modelling, we refer the reader to Patterson et al. may differ in their bias towards the centroid, but as long as they exhibit some tendency towards 134 the centroid, the paths will be correlated.
135
In order to simulate and predict from such individual-level models, one also needs a model for 136 the movement of the group centroid. The bivariate time series corresponding to the centroid's 137 movement can, in principle, also be modelled using (dependent) mixtures of random walks, i.e.,
138
HMMs. However, the location of the centroid often cannot be directly observed, and we address 139 this issue below.
140

MODEL FITTING
141
The likelihood of an HMM can conveniently be calculated using an efficient recursive scheme 
147
Here P(z) = diag f 1 (z), . . . , f N (z) , with f n denoting the state-dependent probability density 148 function of the observations, given the animal is in state n, and z 1 , z 2 , . . . , z T is the bivariate 149 series of observed step lengths and turning angles. The density f n is determined by the type of 150 random walk assumed in state n and the state-dependent distributions considered for step lengths i.e., only the attraction to the centroid distinguishes state 1 from state 2 at the observation level).
199
By numerically maximizing the respective likelihood, we fit the model to the centroid's series 
208
This whole simulation and model fitting exercise was repeated 500 times, and performance
209
is evaluated based on summary statistics of the parameter estimates. 
Results
272
SIMULATION EXPERIMENTS
273
All tables giving details on the simulation results are presented in Appendix S1. In the case where transition probabilities were also found to be slightly biased, with the fitted models typically 289 predicting more state switches than the true model that was used to simulate the data.
290
The results further show that when using approximate centroid's locations, the estimation Reindeer example, group dynamic model -fitted state-dependent step length and directional distributions. For the state involving a bias towards the centroid (state 1), radian 0 corresponds to the direction the centroid is in, relative to the individual. For the "exploring" state (state 2), radian 0 corresponds to the previous movement direction of the individual, i.e., while exploring the individuals tend to move straight ahead.
Jarque-Bera tests for normality of the pseudo-residuals, the null hypothesis of normality is twice 302 rejected at the 5% level, which is consistent with the model fitting well. does not necessarily mean with the group; rather it means the animal is making shorter steps 312 . -8 -Preprint submitted to Methods in Ecology and Evolution580 590 600 610 7470 7480 7490 7500580 590 600 610 7470 7480 7490 7500580 590 600 610 7470 7480 7490 7500580 590 600 610 7470 7480 7490 7500580 590 600 610 7470 7480 7490 7500580 590 600 610 7470 7480 7490 7500580 590 600 610 7470 7480 7490 7500580 590 600 610 7470 7480 7490 7500580 590 600 610 7470 7480 7490 7500580 590 600 610 7470 7480 7490 75000.0 0.5 1.0 Prob (exploring solitarily) Figure 3 : Reindeer example -state categorizations mapped onto the 11 movement paths. The colour of the points mapped on the locations indicate the probability of the corresponding animal being in state 2 ("exploring"), i.e., red indicates higher probability of being encamped and attracted to the group centroid. The horizontal and vertical axes give x and y, respectively, in kilometres using the Sweref99 projection from the National Land Survey of Sweden.
2005), here we fit our model to actual movement data. Furthermore, we are able to statistically compare the fit of competing models (model selection) and to assess the goodness of fit of our 346 model (model checking).
347
The key component of our framework that enables it to capture group behaviour is the attrac-348 tion to the centroid. Specifically this is done by allowing individuals to switch between a "group" Using multiple yet relatively short real data time series, we were able to reveal an attraction 371 to the centroid. However, it is difficult to make general statements about how many individuals 372 need to be tracked, or for how long, to make realiable inference on attraction to the centroid. It 373 is also unclear as to how influential the proportion of tracked animals to untracked animals needs 374 to be in terms of reliably estimating the centroid position, but it is intuitive that the model will 375 work best for relatively cohesive groups, where the choice of particular individuals does not bias 376 the analysis. The feasibility of the group centroid concept clearly also depends on the complexity 377 of the fission-fusion dynamics; e.g., the concept of a single group centroid will sometimes be 378 inadequate.
379
DISCUSSION OF RESULTS
380
We generated and analysed simulated data to assess the ability of our modelling approach to when the centroid's locations were approximated using the simple mean, and slightly better when 391 using the robust mean. In addition, we were able to use the centroid attraction information to 392 estimate behavioural states with high accuracy. Our model thus represents a useful approach to 393 statistical and ecological inference on group movement dynamics.
394
We illustrated the modelling approach using movement data from 11 reindeer in Sweden 395 (Skarin et al., 2008 (Skarin et al., , 2010 . We were able to infer, to some extent, when individuals are tracking 396 group movement, and when they appear to be following their own movement drivers (cf. Figure 1) .
397
The models we fitted to the reindeer data led to the classification that is characteristic of two-state 
413
EXTENSIONS
414
In the simulation experiments, estimators were biased when we had to approximate the centroid's 415 locations. As an alternative, the centroid could be approximated using the movement directions 
420
Combining this with a movement model, the location of the centroid could be estimated within 421 a state-space modelling framework, e.g., using a Bayesian data augmentation approach for the 422 centroid location. Such an approach is appealing since the uncertainty about the centroid's loc-423 ation would be propagated through to the individual-level parameter estimates, thus potentially 424 providing more accurate parameter estimates and confidence bounds.
425
A simplifying assumption of our method was that all individuals shared movement parameters. 
